Dihadron interference fragmentation functions in proton-proton collisions 
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We study the production of hadron pairs in proton-proton collisions, selecting pairs with large 
total transverse momentum with respect to the beam, and small relative transverse momentum, 
i.e., belonging to a single jet with large transverse momentum. We describe the process in terms 
of dihadron fragmentation functions. We consider the production of one pair in polarized collisions 
(with one transversely polarized proton) and the production of two pairs in unpolarized collisions. 
In the first case, we discuss how to observe the quark transversity distribution in connection with a 
specific class of dihadron fragmentation functions, named interference fragmentation functions. In 
the second case, we suggest how to determine the latter and also how to observe linearly polarized 
gluons. 
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I. INTRODUCTION 
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, Spin measurements in high-energy coUisions of hadrons can be a powerful and versatile way to investigate the 
' dynamics of quarks and gluons. For instance, several measurements of Single-Spin Asymmetries (SSA) with polarized 
protons have delivered unexpected results (like the observation of large Am asymmetries by the FNAL E704 1] and, 
more recently, by the STAR 2] collaborations), which cannot be justified in the context of perturbative QCE) at the 
^-p ■ partonic level . Unless invoking subleading- twist effects 0, Q , these large asymmetries can be explained by allowing 
, partons both to have an intrinsic transverse momentum 0| and to undergo final-state interactions (which prevents the 
' application of constraints by time-reversal symmetry, leading to the so-called T-odd distribution and fragmentation 
functions). This interpretation has been further strengthened by recent measurements of SSA with lepton beams 
by the HERMES Qii^^iM and the SMC [ll| collaborations, as well as of beam spin asymmetries by the CLAS 
O 1^ collaboration Remarkably, these results can be interpreted as effects due to the orbital angular momentum of 
D partons inside the parent hadron Ts", 14,1^. 

SSA are important not only to study T-odd mechanisms, but also because they can be used as analyzing powers 
^ , of the quark spin and they allow the measurement of quantities otherwise inaccessible. The most renowned example 
is the transversity distribution hi ff^, a leading- twist parton density that describes the distribution of transversely 
. ^ polarized quarks inside transversely polarized hadrons, an essential piece of information to describe the partonic spin 
' structure of hadrons p^ . [l8| . Being related to a helicity flipping mechanism (since helicity and chirality coincide at 
leading twist, it is usually named as a chiral-odd distribution), it is suppressed in inclusive Deep-Inelastic Scattering 
(DIS) because it requires another chiral-odd partner. 

The idea of accessing transversity at leading twist in nuclcon-nuclcon collisions has been extensively discussed in the 
literature. The simplest option is Drell-Yan leptoproduction with two transversely polarized protons [l6l[l7l[ial20ll2ll| . 
where the needed chiral-odd partner is the transversity distribution of the corresponding antiquark. This option 
seems not promising at operating experimental facilities, because the probability of having a transversely polarized 
antiquark in a transversely polarized proton is suppressed l 2 2 |. .2 3 ^1 . The situation should be more favorable in the 
future High Energy Storage Ring at GSI (GSI HESR) [2 I l2 a I26ll27t . where (polarized) antiprotons wiU be produced. 
Another option is to consider a semi-inclusive process. For example, if transversely polarized hyperons are produced 
in collisions where one of the protons is transversely polarized, hi appears in connection with the fragmentation 
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function Hi |28ll29j . Alternatively, when a single unpolarized hadron (e.g., a pion) is inclusively produced in hadronic 
collisions, hi is convoluted with the chiral-odd and T-odd Collins function Hi |3(]l |. 
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The nonperturbative mechanism encoded in H^, commonly known as Collins effect, is based on the correlation 
between the transverse polarization of the fragmenting quark and the orientation of the hadron production plane 
via the mixed product St • k x P^,, where k and P^, are the quark and hadron 3- momenta, respectively. Because of 
residual interactions occurring inside the jet, the T-odd Collins function is sensitive to the phase difference originating 
from the interference of different production channels. As a consequence, the transverse polarization of the quark 
influences the azimuthal distribution of the detected pions, producing the observed SSA. Without such residual 
interactions, the T-odd vanishes and the azimuthal distribution of hadrons is perfectly symmetric. But also an 
intrinsic transverse component of k is necessary for the Collins effect to survive. In fact, in coUinear approximation 
(i.e., assuming k and Ph to be parallel) the mixed product vanishes and so does the related SSA. 

The need of including the relative transverse momentum between quarks and hadrons brings about several com- 
plications: it is much harder to provide factorization proofs ISlJ. to verify the universality of the functions in- 
volved fsl, '3^, Hi , and to study their evolution equations jsTl IsS Isol l40l | . Moreover, for the considered SSA 
in proton-proton collisions the transverse-momentum dependent elementary cross section gets a suppression factor as 
an inverse power of the hard scale of the process [111 l42 | . Finally, the rich structure of the cross section allows for 
other competing mechanisms leading to the same SSA, such as the Sivers effect ^431, the Qiu-Sterman effect and 
maybe more 44] . A lively discussion is ongoing in this field in order to correctly interpret the available data for both 
hadronic collisions and semi-inclusive DIS (see, for example, Refs. [i^. lislfi^ I47I I4M l49j| 1 . 

It has been pointed out already that selecting a more exclusive channel in the final state, where two unpolarized 
hadrons are detected inside the same jet, is obviously more challenging from the experimental point of view, but it 
represents a more convenient theoretical situation (S^-^ In particular, two vectors are available: the center-of-mass 
(cm) momentum of the pair, Ph = Pi + P2, and its relative momentum R = {Pi — P-2)l2. Therefore, even after 
integrating the fragmentation functions upon P^t, the intrinsic transverse component of Ph with respect to the jet 
axis, it is still possible to relate the transverse polarization of the frag menting quark to the transverse component of 
the relative momentum, Rt, via the mixed product St • R x P/i |53l Is^. Issf . For the lepton-induced production of 
two unpolarized hadrons (e.g., two pions) in semi-inclusive DIS, the generated SSA at leading twist is free from the 
problems mentioned above about the Collins effect, since the center of mass of the hadron pair is traveling coUinear 
with the jet axis and, thus, coUinear factorization is preserved. Indeed, the transversity h\ can be coupled to a new class 
of (chiral-odd and T-odd) fragmentation functions, the so-called Interference Fragmentation Functions (IFF) Js^ l57l| . 
that can be extracted independently in the corresponding process e^e~ — > {h\h-i)jf^tc^\^'2)jetD^ l59j. where 
now two pairs of leading hadrons are detected in each back-to-back jet. Measurements of IFF in semi-inclusive DIS 
and e+e~ are under way by the HERMES and BELLE collaborations, respectively, and could be performed by the 
COMPASS and BABAR coUaborations, too. 

In this paper, we extend the study of IFF and inclusive two-hadron production to the proton-proton collision case 
(see also Ref. 60]). In Sect.^ we describe the process p-p^ — + {hih2)jetX , where one proton is transversely polarized 
and one hadron pair is detected inside a jet. We show that only one source of SSA survives at leading twist without 
any suppression of the hard elementary cross section: it involves the convolution /i (81 /ii (E" H^, containing the usual 
unpolarized distribution /i, the transversity hi and the IFF H^. No other mechanism is active and the theoretical 
situation is very clean. 

In Sect. Inil we study the unpolarized collision pp — s- (/ii/i2)jetc (^i^2)jeti3 AT, where two hadron pairs in separate 
jets are detected. Two leading-twist Fourier components arise in the azimuthal orientation of the two planes (each 
one containing one hadron pair) with respect to the scattering plane. One term offers the possibility of observing for 
the first time the effect of gluon linear polarization in fragmentation processes. The other one is proportional to the 
convolution fi® fi® Hi ® Hi; hence, it can be used to measure the unknown IFF Hi . 

Our work demonstrates how in (polarized) proton-proton collisions it is possible in principle to determine at the 
same time the transversity distribution hi and the IFF H^ , without having to resort to e^e~ annihilation. The same 
formalism can be applied to collisions involving (un)polarized antiprotons. Therefore, both processes can be studied 
not only at experiments such as STAR and PHENIX at RHIC, but also at the future ones being planned at the above 
mentioned GSI HESR. This one and other conclusions are expanded in Sect. IIVI 

II. PRODUCTION OF A SINGLE PAIR 

We consider first the process A + B ^ (Ci 6*2)0 + X, where two protons (with momenta P^, Pg, and spin vectors 
SatSb) collide, and two unpolarized hadrons Ci,C2, are inclusively detected inside the same jet C. The outgoing 
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hadrons have masses Mci and Mc2, invariant mass Mc and momenta Pci and Pc2- It is convenient to introduce 
the vectors Pc — Pci + Pc2 and Rc = {Pci — ^C2)/2, the total and relative momenta of the pair, respectively (they 
correspond to the general definition of P^ and R in the Introduction). The angle 9c is the polar angle in the pair's 
center of mass between the direction of emission (which happens to be back-to-back in this frame) and the direction 
of Pc in any other frame [s^ . The intrinsic transverse component of Pc with respect to the jet axis, i.e. Pct, is 
integrated over and, consequently, Pc is taken parallel to the jet axis itself. The component of Pc perpendicular to 
the beam direction (defined by Pa) will be denoted as Pc±-^ Its modulus will serve as the hard scale of the process 
and it is assumed to be much bigger than the masses of the colliding hadrons and of Mc- Our analysis is valid only 
at leading order in l/|Pc±|, i.e. at leading twist. 

The cross section for this process can be written, in analogy with single hadron production [i^ Isif , as 

da _ o ir> I ^ /" dxadxbdzc , 



i-. ^. .1 / .1 „\ ^ C 



dr^cd\Pci^\dco^ecdMld<j,R^d<t,s.dct,s, -i-'^-i ^Z^^^4^^Z-.^^_/ .^2.2 -aK-a,^.,^^^. ^b,-o,-^>x,x. 
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where rjc is the pseudorapidity of the hadron pair, defined with respect to Pa- 

The azimuthal angles are defined in the hadronic center of mass as follows (see also Fig. 
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cos(pRc = ^ — -TTT ■ Ta — . . ^ I ■ sm(/)Kc = 77; — „ , ,^ — , , (4) 

where P = P/|P|. 

The partons involved in the elementary scattering have momenta Pa ~ XaPA, Pb = xtPs, and pc — Pc/zc- The 
indices x's refer to the chiralities/helicities of the partons. The partonic hard amplitudes M can be taken from 
Ref. and are written in terms of the partonic Mandelstam variables s, i, u, which are related to the external ones 

by 

S = XaXbS, t= — i, u= — u. (5) 

Zc Zc 

Conservation of momentum at the partonic level implies that 

J , Xat + Xbu \ ...... / \Pc±\x^^^^^^^Xbe^\ _ 

sd[s + t + u) = Zed I Zc-\ = Zed [ Zc p = ZcO [Zc- Zc) ■ (6) 



Therefore, Eq. can be written as 
da 

dric d\Pc± I d cos 6c dM"^ dipR^ d4>SA d<ps 



= 2|P 



CJ 



E i E / "4^X7 ^A)xUa ^bixb^Ss)^ 



C^'TKc^y^A^'T^B a,6,c,d (allx's)^ (7) 

^^x.,x,;x„.x, K'^.x'.-.x'.x', ^c(^c, COS0C, , <t^R,,)^.^^^ b^^^^ , 

where Zc is fixed to z^ by Eq. 0. 

The building blocks of Eq. ||7J) are the following. The correlators describe the distribution, inside each parent 
hadron A or B, of the two partons entering the elementary vertex and carrying a fraction Xa or Xb^ respectively, of 



^ In the following, for any vector V pertinent to a hadron h we will use the index T to mean the transverse component of V with respect 
to the direction of the hadron 3-momentum P^, such that ■ Pfe = 0; V can be the hadron polarization vector Sb, (fom which the 
index T is sometimes used also to mean the transverse polarization), the momentum p of a parton inside /i, etc. With the index ± we 
mean the transverse component of V with respect to the incident beam direction identified by Pa- 
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the hadron momentum. Parton and corresponding hadron momenta are taken to be parallel, since intrinsic relative 
transverse components are integrated over. When the partons are quarks, then we have at leading twist and in the 
quark helicity basis [b^I Ib^ I 

f fl{Xa)+SALgi{Xa) \SAT\e-^^-Ah,{Xa)\ 

K{Xa,SA)x'x = \ J. ' (8) 

" " \ \SAT\e''^'-hi{Xa) fl{Xa)-SAL9l{Xa) J 

where we omitted flavor indices; /i and gi are the unpolarized and helicity distributions of quark a in proton A. The 
correlator is written in the helicity basis where defines the z axis, with Sal and |Sat| indicating the parallel and 
transverse components of the polarization with respect to P^, and the x axis is oriented along Pc'±- For quark b 
in hadron B we have a similar correlator by replacing a, A with &, B; consequently, the z axis is now pointing along 
P^ and the helicity Sb l is considered positive or negative with respect to this axis. 
When the partons are gluons, the correlator reads |65ll6^ 

( G{Xa)+SAL/^G{x^) \ 

\ G{Xa) ~ SALi^G{Xa) J 

where G{x)^ /S.G{x), are the unpolarized and helicity gluon distributions; an analogous formula holds for gluon h in 
hadron B. To our purposes, it is very important to note that in a spin-i target there is no gluon transversity because 
of the mismatch in the helicity change [63; hence, the off-diagonal elements in Eq. ^ are vanishing. 

The last ingredient in Eq. {T)) is the correlator A'^ describing the fragmentation of the parton c into two hadrons. 
Up to leading twist, the correlator for a fragmenting quark c reads [s^ 



A^(z„cos0c,M2,0^,),,,^= ' ], (10) 



where the fragmentation functions inside the matrix depend on Zc, cos 9c, M^^, and 

= yM^- 2{Ml + Mi) + {Ml - Mlf/Ml . (11) 

The correlator is written in the helicity basis by choosing this time the z axis along Pc and the x axis to point along 
the component of Pa orthogonal to Pc (see Fig. 0). 

The fragmentation functions inside the correlator IjlOII can be expanded in relative partial waves using the basis of 
Legendre polinomials through the cos 0c dependence |^]; truncating the expansion at L = 1, we have 

A(z„cos0c,M2) ^ „„(z„M2) ,,;(z„M2) cos 0c + Aji(^c,M2) 1 (^^^os'^ec - 1) , ^^2^ 
smOcH^{zc,cosec,Ml;) ^ Hf^^tizc^M^) sinOc + H^uizc M^) sin 0c cos 0c ■ 
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Since the fragmentation functions at leading twist are probability densities, the double-index notation refers to the 
polarization state in the center of mass of the pair for each separate probability amplitude; namely, Di oo describes 
the decay probability into two hadrons in a relative L = wave, while Di oi describes the interference between the 
amplitudes for the decay into a. L — Q pair and a L — 1 pair "longitudinally" polarized along Pc in its cm frame 
(hence, proportional to cos9c)- Similarly, H^^^ describes the interference between a L — pair and a "transversely" 
polarized L = 1 pair (proportional to sin^c), while Di^u and H^^^ refer to interferences between different polarization 
components of L = 1 pairs. 

In general, the invariant-mass dependence of the fragmentation functions is unknown. However, we know that 
the p-wave contribution originates essentially from a spin-1 resonance (e.g., the p meson in two-pion production).^ 
Therefore, we can expect the pure p-wave fragmentation functions, Di^n and H^^^ to display the invariant mass 
dependence typical of the resonance (e.g., a Breit-Wigner peaked at the p mass). The fragmentation function Di 
contains both s and p-wave contributions, and should therefore look as the superposition of the resonance peak and 
of a continuum background. For what concerns the interference terms, Di oi and H^^^, since both s and p channels 
have to be present, they should be sizeable only in the neighborhood of the resonance, possibly with a sign change at 
the position of the resonance peak [H3 |. 

When parton c is a gluon, the correlator A'^ describes the yet unexplored fragmentation of a gluon into two hadrons. 
Due to angular momentum conservation, we know that for gluons the off-diagonal elements of can contain only 
pure L = 1 contributions from the fragmentation of a gluon into a spin-1 resonance |69|. The correlator at leading 
twist can be obtained in analogy to the case of gluon distributions in spin-1 targets |7a. l77j: 

1 / ie^"^''c sin^ ec SG< 

Kiz,,cos9c,M^,^n^)^,^^^— \ ^'^ ^ |. (13) 

47r \^ -ie-2»*«c sin^ Oc SC^" G'^ 

The function G describes the decay of an unpolarized gluon into two unpolarized hadrons. Its partial-wave expansion 
is the same as that of Di in Eq. (|12|l . The function 6G'^ describes the decay into two unpolarized hadrons of 
a transversely polarized gluon. ^ We choose the symbol SG"^ for the new function to indicate a transverse gluon 
fragmentation function that needs an explicit dependence upon the relative transverse momentum between the two 
hadrons. Unfortunately, SG'^ cannot appear in connection with the quark transversity distribution hi because of the 
mismatch in the units of helicity flip between a spin-i and a spin-1 objects, leading to the exp(i0flp) and exp(2i0flp) 
dependences in Eq. JHJ and Eq. H13|l . respectively. It can be coupled to the gluon transversity SG, which is defined 
only in targets with spin greater than i jl9ll76| . If we truncate the partial- wave expansion to L = 1, due to angular- 
momentum conservation SG^ contains only the L — 1 contribution and reduces to the fragmentation of a gluon into 
a vector meson ;69j . Consequently, it is possible to predict that it will follow the invariant-mass shape of a spin-1 
resonance. The 9c dependence is given only by the sin^ 6c prefactor, typical of a transversely polarized resonance. 

When in the proton-proton collision one of the two protons is transversely polarized, namely the process pp^ — *■ 
{hih2)jetX ^ the most interesting SSA is 

^jv(??c,|Pc±I,cos0c,M2,</,^^,</,s^) = ^ = ^— , (14) 

where the proton transversity distribution hi can be observed at leading twist in connection with the IFF . The 
longitudinal spin asymmetry displays no new features compared to the case where only one hadron is produced. 
For the unpolarized cross section in the denominator of Eq. (|14|l (integrated over (ps^ ) , we have 

dauu = 2\Pci^\ J2 [ fn^a)fiM^^^D'i{-z,, cos 9c, M'c). (15) 

a.b.c.d 



^ The p-wave contributions are identical to vector-meson frag mentation functions, which have been studied in several articles in the 
context of different experiments '68, 69. TO'.TllTllTSlT^Fi. 

* The "transverse" polarization of a gluon can be defined in strict analogy to the quark case. Indicating the positive/negative helicity 
states along a certain z axis by |it), we introduce the states | t) = 1/V2{|-I-) + |— )) and | J.) = ^/^/2 {\-\- ) — |— )). They correspond to 
linearly polarized gluons along the two independent directions orthogonal to z, i.e. the x and y axis |lfll . However, to keep a uniform 
notation and to avoid confusion between linear and longitudinal polarization, we prefer to talk about transverse polarization states and 
to use the superscript f when necessary (note that a different notation was used, e.g., in Ref. 1781 '). 
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Here and in the following expressions, it is understood that when the parton is a gluon, we need to make the 
replacements /i — > G and Di — > G. The unpolarized elementary cross sections are well known |62l |. For convenience, 
we rewrite them in Eqs. I)A.2IA.5|I in the Appendix. 

For the transversely polarized cross section in the numerator of Eq. (|14|1 (integrated over 0s^), we have 



„ I, „ J <- 



a.b.c.d 



dt 



X M sin Oc H^^zc , cos Oc , 
Mc 



(16) 

Olr» I I^C'I IC I • X \ [ dXadXb .a, ^,b. ^ C^AfT^hT^cTd 
2|PC±| 2^ -j^\SBT\sV[Y{(j)Ss - IpRc) j fl{Xa)K{xb) 

a,h,c,d 

X sin^?c {h^m{zc, Ml) + COS0C H^'ui^c, M^)) . 



dt 



The elementary cross sections with transversely polarized partons b and c correspond to 

(all x's) 

They describe the cross section for the case when quark b is transversely polarized in a direction forming an azimuthal 
angle (f>St around Pb and the transverse polarization of quark c forms the same azimuthal angle (j)s^ = 4>Sb around 
Pc {4>Si and ips^ are defined analogously to 4>Sb and (pRc, respectively - see Eqs. Q and Q and Fig. We list 
them explicitly in Eqs. ljA.7IA.10|) in the Appendix (see also Ref. jz^). 
It is possible to integrate the cross sections over cos 6c to obtain 

dauu = 2\Pc^\ f^^fiMmxb)^^^D,^^^i-z^,Ml), (18) 



a,b,c,d 



dauT^2\Pci_\ Y ISbtI sin (05. - c^Hc) J fiM h\[xb) '^^^^'^^^'^ H^^.iz^, Mg) . (19) 

a^b,c,d 

Eqs. (|16|l and (|19|l are the most relevant results of this Section and a few comments are in order. First of all, we 
obtain a formula reminiscent of the original one proposed by Tang, Eq. (8) in Ref. 60]. However, there are some 
crucial differences: in Ref. ^3 the dependence on the azimuthal angles is different, the connection to the external 
variables (rapidity and transverse momentum of the pair) is not made clear, and the behavior in the invariant mass 
is factorized out of the IFF, which is a model-dependent statement. Finally, a couple of differences in the elementary 
cross sections are pointed out in the Appendix. Our asymmetries are also analogous to the ones for the process 
pp^ A'^X discussed in Refs. ^8, 29J. In that case, however, the asymmetry is proportional to cos (05. — </>Sa) (with 
(j>S/^ being the azimuthal angle of the transverse spin of the A, defined analogously to (fiRc)- the transverse spin of 
the quark is directly transferred to the transverse spin of the A, while here it is connected to Rct via the mixed 
product entailed in the T-odd H^, which im plie s an extra ^ rotation. Finally, our asymmetry can be related to that 
occurring in two-hadron production in DIS jS^ l57|. by replacing fi{xa) with (5(1 — Xg), using the elementary cross 
section for Iq' qH and taking into account the fact that the final parton d is also observed, so that xt and Zc are 
fixed according to Eq. of next Sect. lIIII with Zd = 1. In Refs. [5a,|53, the asymmetry depends on sin {4>Sb + 4'Rc) 
simply because the azimuthal angles are defined in a different way with respect to the present work. 

Quantitative estimates of these asymmetries are possible either by using models for the IFF [s^. Is^. Isof or by 
saturating their positivity bounds |53|- Measurements of IFF are under way at HERMES (semi-inclusive DIS) and at 
BELLE 'Sy (e+e" annihilation). Experimental results at different energies can be related through the same DGLAP 
equations applicable to the fragmentation function Hi 82].^ However, as we shall see in the next Section, IFF can 
be measured independently in the very same proton-proton collisions analyzed so far. 



^ Note that we deal with functions that depend expUcitly on the (Umited) relative transverse momentum of the hadron pair. On the 
contrary, the evolution equations studied in Refs. l5ll |52| apply to dihadron fragmentation functions integrated over the relative 
transverse momentum of the hadron pair. 
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III. PRODUCTION OF TWO PAIRS 

As already anticipated in Sect. HI the simultaneous detection of two liadron pairs belonging to two separate jets allows 
the extraction of the specific IFF, H^, that occurs coupled to the transversity hi in the corresponding production of 
a single hadron pair in one jet (see previous Sect. 

The definition of the momenta and angles of the second hadron pair is done in complete analogy to the first pair, 
just replacing all indices c, C with d, D. The correlation function is obtained in the same way. The generic 
expression for the cross section is 

da 



d-qc d\Pci_\ dcosOc dM^ d(f)R^ d-qo rf|Pz5_L| dcosOo dM^ d(f>ji^d(l)SAd<j)Ss 



= 2Ei E J^<(^'^'SAh'.x.x,^',{x,,SBh'^^^j^M^^,^^^^^^^ (20) 

a.b^c.d fall y's) 



with 



(all x's) • 

A'^(zc, COS Oc, M^, 4'Rc)x',x, Ki{zd, COS Od, Ml,4>R^)y^^^ , 



|p„ I I pVc I gijD IPn I I e''^ + p''° 



The above relations are obtained from momentum conservation at the partonic level. 

For unpolarized proton-proton collisions, the main observable is the unpolarized cross section (integrated over the 
angles and (l)Ss ) 

dauu = ^ + cos {(j)Rc - (j)RD ) B + cos (20^^ - 2(j)R^ ) C . (22) 

The function A is given by 

E /^/r(a;a)xb/f(xb)^^^O?(^c,COS0c,M2)I?f(2rf,COS0Z3,M|,) 



a.b.c.d 



h^cd 



aj::,J (23) 

X [dI,,{z,, Ml) + Dl,i{-z,, Ml) cos Oc + Dlu{z,, )i (3 cos^ Oc - 1)) 

X [Dl,,{zd, Ml) + Dl^i (zd, Ml) cos Od + (z^, M|,)i (3 cos^ Od-I)) , 

where the elementary cross sections daab^cd are given by Eqs. (|A.2IA.5I) . In other words, A is the analogue of Eq. H15() 
for the production of two hadron pairs in separate jets. When the parton is a gluon, we need to make the replacements 
h^G and Di G. 

The function B is given by 

^=11 I PiKMx.flix,) '^^^y^'-i' sinecHr{zc,cosec,Ml)^^sineDHf{-za,cosen.Ml) 

T"^ J J oTT^ dt Mc Mo 

E / ^.rMxbflixb) ^^^-^^-^'^^ M sin^c (Htt{zc.M^^) + cos9cH<^,^{z^,M-,)) 
^ sin Od {H^U^d, Ml) + cos Od H^^,{za. Ml)) , 



a.b.c.d *■ 



(24) 



with partons c and d being necessarily quarks and with the relevant partonic cross sections being 



di ~ 167rJ2 4 



(all x's) 



They are explicitly listed in Eqs. ljA.12IA.14|) in the Appendix. 
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Finally, the function C is 



dt 



a,b,c,d 

X sin2 0c'5G^'(^c,cos0c,Mc)^TS- sin2 0Z3<5G'5d(^_^^cos0c,M2) 

dAa„ 



a,D,c,a 

^ sin^ 0c <5G<=(ze, M2 ) ^! sin^ 0^ (^G^-^Cz,, 



where the nonvanishing elementary cross sections are given in Eq. (|A.15|) in the Appendix. 
After integrating upon the angles 9c and Od, we obtain 



where 



a.b.c.d'' 



(26) 



dauu ^A' + cos - (l)R^ ) B' + cos (20^^ - 20^^ ) C , (27) 
A' ^ dOc sin Be / sin 6'£) ^ 

(28) 

- E /^/f(a.a)x,/^(x,)^^i?i,„(z-.,M^)i?,,„„(z-,,M|,), 

S'=/ dec sm-Oc I deDsinOoB 
Jo Jo 

-T. J'ii /i (-^) f'^-") ^^^^ M ^^<^^^(,^, M^) ^ <,(.-„ Ml,) , 

C'= dOc sinOc ddDsmeoC 
Jo Jo 

= 2 E / ^ /i /i (^^) ^^^^ ^ ,G^^(z-., MS) ^ 5G<'^(z-„ M^) . 



(29) 



(30) 



The above expressions can be related to what has been obtained for the case of e+e~ annihilation |5q |. by replacing 
fi{x) with (5(1 — x) and using the elementary cross section for e+e^ q' (clearly no gluon contribution is present). 
Once again, the apparent difference in the resulting angular dependence is due solely to a different definition of the 
azimuthal angles. 

Both functions B and C (or B' and C) are interesting. The first one contains two interference fragmentation 
functions -ff^, one for each hadron pair: measuring the cos (0ijp ~ 4>Ro) asymmetry of the cross section for the 
pp {hih2)jetc{h\h2)jetD^ process allows the extraction of and, in turn, of the transversity hi from the dauT 
asymmetry described in the previous Section. The second observable, C (or C), describes the fragmentation of two 
transversely (linearly) polarized gluons into two transversely (linearly) polarized spin-1 resonances. 



IV. CONCLUSIONS 



Understanding the polarization of partons inside hadrons is a fundamental goal in order to describe the partonic 
structure of the hadrons themselves. At present, the main missing piece of information is represented by the quark 
transversity distribution, /ii, a leading-twist parton density that describes the distribution of transversely polarized 
quarks inside transversely polarized hadrons. Its chiral-odd nature has prevented it from being measured in the 
simplest elementary processes like inclusive DIS. Several alternative strategies have been suggested in the literature, 
among which the most popular ones are transversely polarized Drell-Yan 16] and the Collins effect [s^l in semi- 
inclusive DIS with transversely polarized targets. 

Selecting a more exclusive final state with two detected hadrons inside the same jet could be a more convenient 
option. Even when the center of mass of the two hadrons is assumed to move collinear with the jet axis, the transverse 
component of the relative momentum of the two hadrons (with respect to the jet axis, or equivalently with respect 
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to the center-of-mass direction) is still available to build a single-spin asymmetry that singles out hi at leading twist 
via an interference fragmentation function, js^. The asymmetry described by is related to the azimuthal 
position of the hadron-pair plane with respect to the scattering plane. All distribution and fragmentation functions can 
be integrated over intrinsic transverse momenta, making it simpler to deal with issues such as evolution equations, 
factorization and universality [s^ . The comparison between hadron-hadron collisions, semi-inclusive DIS ,50j and 
e+e^ annihilation 58| becomes therefore simpler than for the Collins effect. 

In this paper, we have applied the formalism of interference fragmentation functions to proton-proton collisions. 
We have shown that in the production of one hadron pair in collisions with one transversely polarized proton, it 
is possible to isolate the convolution /i (g) fti (8) H^, involving the usual momentum distribution /i, through the 
measurement of the asymmetry of the cross section in the azimuthal orientation of the pair around its center-of-mass 
momentum. In the production of two hadron pairs in two separate jets in unpolarized collisions, it is possible to 
isolate the convolution /i (81 /i (8) (g) H^, through the measurement of the asymmetry of the cross section in the 
azimuthal orientation of the two pairs around their center-of-mass momenta. Since no distribution and fragmentation 
functions with an explicit transverse-momentum dependence are required, there is no need to consider suppressed 
contributions in the elementary cross sections included in the convolutions and the discussed asymmetries remain at 
leading twist. Therefore proton-proton collisions offer a unique possibility to measure simultaneously the transversity 
distribution hi, and the interference fragmentation function H^. 

Finally, we have also shown that unpolarized proton-proton collisions into two hadron pairs (basically into two 
spin-1 resonances) can also provide novel information on the role of giuon linear polarization. 

Our formalism can be applied also to collisions involving (polarized) antiprotons. Therefore, it can be used by 
experimental collaborations working on existing machines with polarized proton beams (like STAR and PHENIX 
at RHIC), but also with polarized antiprotons at GSI HESR. Unpolarized collisions into two hadron pairs can be 
studied also at Tevatron and LHC. In the future, we hope that it will be possible to compare experimental results 
in hadron-hadron collisions with those in semi-inclusive DIS and e~^e~ annihilation and perform a global analysis of 
dihadron fragmentation functions. 
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APPENDIX: ELEMENTARY CROSS SECTIONS 

We list here the unpolarized partonic cross sections 



^^y y -y Y V v V , (A.l) 



dt Wtts' 4 

(all x's) 



ddqq^qq _ inaj ( + P + IT 8 \ daqq>^q>q _ inaj / +t 



di 3 s2 y^i^ g2j ' £ g2 o,su 

'gg^gg _ StTQ^ (s^ + £4 _^ ^4) (|2 ^ £2 _^ ^2) do^^ 



d agg^gg _ 97rQ^ {s^ + ^ + u^) [s^ + P + u^) d&gg^qq _ Snal P + / 4 _ j_ 

di ~ 8 S^Pv? ' ~ 8 S2 lg£~ g2 



(A.2) 



dt 9 V PPiP 3tuJ dt 9 

daqq q,q, ^An^/t^+V^\ do gg qg ^ 4^ / ^ ,^4 ^ ^4 „ 8 

dt 9 V dt 9sH^ V 3 ' ' ^ ^ 

dcTqq^gg _ 8nal P+u^ f 4 1\ d&gg^gg _ + i'^ f ]_ _ ^ 



(A.5) 



All other nonvanishing cross sections can be obtained from these ones by means of simple crossings. 
We define the partonic cross sections differences with transversely polarized partons b and c as 

dAa^^r^cU ^ 1 i V M M* (A 6^ 

di ~ 16-K.P 4 ^ ^"XcXdiXa.Xb ^"xa,-x(>;-x=,Xd • ^^-^f 

(all x's) 
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In principle, these are not cross sections, but rather bihnear combinations of amplitudes. However, they correspond 
to cross sections for specific polarization states of the partons involved. The nonvanishing ones are 







s {3t — ii) 


dAaqq,r-,qnq 


87ra2 


is 


(A.7) 


di 


27s2 




di 


9s2 






Snal 




dAaqqT ^qTq 




t (3s — u) 


(A.8) 


di 


27 P 




di 


27 P 




dAagq^^qTg 




( 9i_l\ 


dAaqgT^glq 






(A.9) 


di 


9P 


di 


9P 






~ si 








(A.IO) 


di 


2P 











These cross sections correspond to the results presented in Table 1 of Rcf . 79j , when the initial and final azimuthal 
angles of the quarks (as defined in Sec. are equal (in the language of that paper, when A{sb,Sc) = —t/2, or 
equivalently when (3 — ^ — 7r/2). They correspond also to the "transversity dependent" cross sections of Table I 
of Ref. |60| (to compare the results, i and u have to be interchanged, since a is the polarized parton in Ref. [60|'). 
except for a factor 2 difference in the last term of the q(f (fq cross section and for the absence in Ref. [s^l of the 
q(f q^q cross section. The last two partonic cross sections are missing in both Refs. 79] and |63|: they are less 
useful because there is no gluon transversity inside the proton. We present them for completeness and for possible 
future applications with spin-1 targets. As already clarified in Sec.^ we use the transverse gluon polarization states, 
I t) and I i), in place of linear polarization states along the x and y directions (note that a different notation was 
used, e.g., in Ref. ff^). 

We introduce the partonic cross section differences for two transversely polarized partons in the final state 



dAa, 



dt 



y 

(all x's 



-Xd 



(A.ll) 



When the final-state partons are quarks, we have the following nonvanishing cross sections, to be used in Eq. (|24|) : 

(A.12) 
(A.13) 
(A.14) 

When the final-state partons are gluons, we have the following nonvanishing cross sections, to be used in Eq. H26|l : 



dAaqq^grgT 






dAaqq_gtqr 


87ra2 


It (3f - 


di 


27 s2 




di 


27 s2 


s2 


d^d'qq—i.qrp 




i (3tt — s) 


dAogg^^nqn 


87ra^ 


t u 


di 


27 P 


S2 


di 


9s2 




d^^gg^qTqy 


-Kal 1 


^ 9 iu\ 
V "4^j ■ 








di 


3s2 \ 









dAa„ 



dt 



647ra2 A _ 9 fu 
' 27 s2 I ~ 4 12" 



dAa„ 



97ra? v?' - si 



dt 



2P 



(A.15) 
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